We describe a novel ultrasensitive cell-based immunocytotoxicity assay for detecting Clostridium difficile toxin A and B. The assay is simple to perform with a turnaround time of approximately 3 h . It is particularly sensitive in detecting TcdA at a level less then 1 pg/ml. Using this assay, we were able to detect the presence of C. difficile toxins in the fecal and serum specimens of experimentally infected piglets.
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Clostridium difficile is a gram-positive, spore forming, anaerobic bacterium. It is the leading cause of antibiotic-associated diarrhea, the severity of which ranges from mild diarrhea to life threatening pseudomembranous colitis (Bartlett, 2002) . Pathogenic C. difficile strains excrete exotoxins A (TcdA) and B (TcdB) that have been intimately linked to its pathogenicity. Both TcdA and TcdB are enterotoxic, capable of inducing intestinal epithelial damage and increasing mucosal permeability, and hence are thought to be responsible for the pathogenesis of C. difficile-associated colitis (Kelly and LaMont, 1998) .
The diagnosis of C. difficile infection remains a challenge (Wilkins and Lyerly, 2003) . The current diagnostic modalities mainly consist of the detection of the C. difficile organisms and of their toxins in fecal samples. Isolation of C. difficile from stool culture is seldom carried out clinically because it is labor-intensive and time-consuming (Bartlett, 2006) . One method commonly used is the detection of the enzyme glutamate dehydrogenase (GDH) of C. difficile, but this approach cannot distinguish the toxigenic strains from non-toxigenic ones. Other methods, such as real-time PCR for detecting bacterial genes, are under evaluation for the diagnosis of C. difficile-associated disease (Peterson et al., 2007) , but require sophisticated equipment and training. These assays, which detect the organism, are associated with an inherent problem in that 10% to 30% of hospitalized patients are colonized with toxigenic or non-toxigenic C. difficile without disease (McFarland et al., 1989) . It is therefore more desirable to detect toxins which are thought to be the cause of C. difficile-associated diarrhea (CDAD) (Kelly and LaMont, 2008) . The widely used enzyme immunoassays (EIAs) are based on monoclonal antibodies (MAbs) that recognize TcdA and/or TcdB. EIAs are rapid and easy, but suffer from low to moderate sensitivity (Planche et al., 2008) . The Cytotoxin B assay is the "gold standard" for the laboratory diagnosis of C. difficile infection due to its high sensitivity and specificity (Chang et al., 1979) . It mainly detects the presence of TcdB, which is far more potent than TcdA in causing cytopathic changes in most cultured cells. The drawbacks of cytotoxin B assay are technical complexity, slow turnaround time (24-72 h) and the requirement for a cell culture facility (Chang et al., 1979) . Given the dramatic increase of cases and severity of CDAD in recent years, a rapid and easy to perform assay with high sensitivity and specificity for the diagnosis of C. difficile infection is an urgent need.
Here we report a novel cell-based immunocytotoxicity assay for detecting C. difficile toxins. We generated an anti-C. difficile toxin A (TcdA) monoclonal antibody, named A1H3, which substantially enhanced the activity of TcdA on Fc gamma receptor I (FcγRI)-expressing cells (He et al., 2009 ). We applied A1H3, in combination with an electronic sensing system, to develop a real-time and ultrasensitive assay for the detection of biological activity of C. difficile toxins. The assay was easy-to-perform and particularly sensitive for TcdA at a level of 0.1 to 1 pg/ml, with a short turnaround time of 3 h.
The mRG1-1, an engineered CHO cell line expressing murine FcγRI-α-chain (Cho and Conrad, 1997) , was provided by Dr. Daniel Conrad (Virginia Commonwealth University). The highly purified Journal of Microbiological Methods 78 (2009) 97-100 recombinant holotoxins TcdA and TcdB used in this study have equivalent biological activities to native toxins (Yang et al., 2008) . A1H3 is a mouse anti-TcdA MAb of IgG2a isotype generated in our laboratory.
Gnotobiotic piglets were maintained within sterile isolators as previously described (Krakowka et al., 1987) . Piglets were inoculated orally with 1 × 10 6 to 10 8 of C. difficile (NAP1/027 strain) spores (n = 12) at the age of 2 to 5 days. The fecal samples were collected at day 0 before inoculation and daily post-inoculation thereafter. The specimens were stored in aliquots at −20°C until further use. For sample processing, stool aliquots were thawed on ice and diluted in PBS (1:10, wt/vol). The supernatant was then harvested by centrifugation and passed through a 0.45 µm filter.
The real-time cell electronic sensoring (RT-CES, or xCELLigence) system (Abassi et al., 2004 ) (Roche Applied Science, Indianapolis, IN) was employed to monitor the dynamic response of mRG1-1 to C. difficile toxin stimulation via measurement of cell index (CI). CI is a parameter to describe electronic impedance, which corresponds to the number of cells attaching to the bottom of microelectrode-embedded microplate (E-plate) wells. In addition, the CI value is positively affected by the extent of cells spreading on the bottom (Abassi et al., 2004) . C. difficile toxins disrupt cell attachment and cause cell rounding (i.e. reduce cell spreading), thus lowering the CI values.
A 16-well E-plate was seeded with mRG1-1 cells (2 × 10 4 /well) before being placed on the RT-CES device station. Cells were either grown overnight before the addition of toxins or biological samples in the absence or presence of a saturating dose of A1H3, or mixed with these reagents directly before being added into the E-plates. To block toxin activity, rabbit antiserum against TcdA (generated in our laboratory) or goat antiserum against both TcdA and TcdB (TechLab Inc.) was applied. The dynamic change in impedance as a result of cell attachment was recorded using the parameter CI. The RT-CES system was employed for a real-time detection of C. difficile toxin activity. As shown in Fig. 1A , a dynamic response recorded by RT-CES revealed that A1H3 enhanced the sensitivity of mRG1-1 cells to the cytotoxic effect of TcdA up to 5 logs. A rapid decrease in CI (shown in red lines in Fig. 1A ) within hours following the addition of toxins was observed in cells treated with 1000 ng/ml of TcdA, 10 ng/ml of TcdB, or TcdA at 1 ng/ml in the presence of A1H3. After 20 h of incubation, TcdA at a dose as low as 0.1 pg/ml was sufficient to render a complete loss of CI when A1H3 was present. This was in sharp contrast to the observation that TcdA alone at 10 ng/ml only resulted in a partial loss of CI as compared to the medium control (Fig. 1A) . The cytotoxic effect on mRG1-1 cells by TcdA/A1H3 was completely blocked by rabbit-anti-TcdA sera, confirming that the loss of CI was TcdA-specific (Fig. 1A) . TcdB at doses of 10 or 1 ng/ml also sharply decreased electronic resistance, whereas a lower dose (100 pg/ml) resulted in a slow reduction of CI overtime (Fig. 1A) . A1H3 neither cross-reacts with TcdB nor enhances its biological activity (data not shown). Nevertheless, the cytotoxic effect of TcdB on mRG1-1 cells was significantly higher than that of TcdA in the absence of A1H3 (Fig. 1) .
One of the disadvantages of a tissue-culture-based assay for detection of C. difficile toxins is the slow turnaround time (Chang et al., 1979) . To overcome this, the freshly thawed mRG1-1 cells from cryopreservation were added together with the toxins to E-plates. As shown in Fig. 1B , an increase in CI value over time was observed in control cells (PBS vehicle treatment). In contrast, the CI remained low when cells were treated with a mixture of TcdA and TcdB at doses of 0.1 to 1 ng/ml or higher, indicating the intoxicated cells had a reduced ability attach to the bottom of E-plates. The presence of A1H3 substantially enhanced the sensitivity of the assay, allowing the detection of toxin activity at 1 pg/ml within 4 h (Fig. 1B) . The goat antiserum against both TcdA and TcdB blocked the cytotoxic activities of the toxins and allowed cells to attach to the bottom of wells, as indicated by an increase in CI (Fig. 1B) .
To determine whether the immunocytotoxicity assay can be used to detect toxin activities in biological samples, mRG1-1 cells on E-plates were treated with supernatant of fecal samples from C. difficile challenged piglets. Fig. 2A shows the representative data from one piglet. CI remained low when cells were treated with a 100-fold diluted fecal sample from a piglet 3 days post infection, whereas that from the same piglet before bacterial inoculation at such a dilution did not block the increase of the CI (Fig. 2A) . The presence of A1H3 allowed the detection of toxin activity in the 1000-fold diluted fecal sample within 2 to 3 h ( Fig. 2A) . Anti-serum against TcdA and TcdB completely neutralized the toxin activities in fecal samples, confirming that the low CI values caused by fecal samples were due to C. difficile toxins Fig. 1 . Real-time monitoring of cytotoxic effect of C. difficile toxins on mRG1-1 using RT-CES system. (A) The mRG1-1 cells were seeded on 16-well E-plates at the 0 h time point. After an overnight culture, the cells were exposed to the indicated amount of toxins in the absence or presence of A1H3 (H3). The control groups included the cells with PBS, rabbit antiserum, or A1H3 alone. (B) The freshly thawed mRG1-1 cells were seeded on 16-well E-plates simultaneously with a mixture of the same amount of TcdA and TcdB in the absence or presence of A1H3 (H3). In the serum blocking experiment, the rabbitanti-TcdA serum (pAb) or goat anti-TcdA and-TcdB serum (polyAb) was mixed with the toxins and A1H3 and then added to the cells. The dynamic changes in CI were recorded by RT-CES at a 15-min interval. The data shown here is from the representative experiments.
( Fig. 2A) . These data demonstrated that the immunocytotoxicity assay was capable of rapidly detecting C. difficile toxins in highly diluted fecal samples from a C. difficile infected piglet.
Life-threatening cases of CDAD are often accompanied by systemic complications (Siemann et al., 2000) . It has been suggested that a possible cause might be the toxins entering into circulation and disseminating systemically (Hamm et al., 2006) . We have observed that the severe cases of C. difficile infection in experimental piglets are associated with systemic complications (unpublished data). We therefore measured the toxin activities in serum from the severely infected piglets using the immunocytotoxicity assay. The serum alone failed to inhibit the increase of CI as compared to that in PBS group, suggesting that the amount of toxins in the serum, if any, was not high enough to block the cell attachment (Fig. 2B) . However, in the presence of A1H3, the ascent of CI was partially inhibited by the serum sample (Fig. 2B) . The inhibitory effect was reverted by anti-sera against C. difficile toxins (Fig. 2B) , indicating that it was indeed a result of the toxins. Similarly, the serum and pleural effusion from another severely infected piglet reduced the ascent of CI, which was reverted by the anti-serum against C. difficile toxins (Fig. 2C) . Furthermore, these samples caused the rounding of mRG1-1 cells after an overnight culture only when A1H3 was present (data not shown). The anti-serum against the toxins blocked such cytopathic effects of these samples (data not shown). These data demonstrated that a low level of toxins disseminated in the circulation of the severely affected piglets, which might explain the systemic complications seen in these piglets. Systemic complications are also observed in severe cases of C. difficile infected human patients, but whether these complications are associated with the toxins in circulation remains to be determined. Our ultrasensitive immunocytotoxicity assay may offer such a determination.
In summary, we report here a novel cell-based immunocytotoxicity assay for detecting biological activities of C. difficile toxins and we tested the assay using porcine clinical samples. Compared to the "gold standard" Cytotoxin B assay, this newly developed method is substantially more sensitive for detecting TcdA. We utilized A1H3, an anti-TcdA MAb, which substantially augments the cytotoxic activity of TcdA on FcγRI expressing cells (He et al., 2009 ). In addition, by utilizing freshly thawed cells and the monoclonal antibody, we reduced the turnaround time of the assay to 2-4 h. Since the cryopreserved cells were applied directly from the freezer, a cell culture facility and expertise in cell culture techniques were no longer required. A CO 2 incubator was not needed when a pH-buffered medium was used (data not shown). Furthermore, the assay is easy to perform. After mixing samples with cells and reagents into E-plates, the results were obtained in a real-time and automatic fashion. The immunocytotoxicity assay reported here is a rapid and easy-to-perform method with superior sensitivity and specificity for detecting the biological activity of C. difficile toxins, and therefore it has great potential for the diagnosis of C. difficile infection.
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